To optimize the ultrasuuctural localization of immunoglobulin G in comeal crystalloid deposits, we compared a range of antigen unmasking techniques. A human comeal biopsy specimen was fiied in formalin, post-osmicated, and embedded in epoxy resin for electron micmcopy. Thin sections were immunogold-labeled for IgG after treatment with sodium ethoxide or sodium metaperiodate. Sections were also treated by heating them at 75% while they floated on water, 0.01 M citrate b&r @H 6.0), or sodium metaperiodate. The treatments w e~e applied separately and combined. After labeling, crystalloids in untreated sections had a probe density of 5 partides/vz. Crystalloids in sections treated only with s o d i u m ethoxide or sodium metaperiodate had probe densities of 15-20 partides/pz. Sodium ethoxide
Introduction
Corneal inclusions of diverse morphology and composition have been reported in a variety of disease states, and precise identification of the contents of such inclusions is of diagnostic importance (8) . By electron microscopy, unusual tubular crystalloids were found in the corneal stroma of two patients with impaired vision and visible corneal deposits. Both patients also had abnormally high serum immunoglobulin G (IgG) levels, and the tubules in one of the biopsy specimens labeled for human IgG with immunogold probes at the ultrastructural level. From this evidence, it was assumed that the elevated IgG levels were the cause of the deposits. These cases are described in detail elsewhere (8). When similar crystalloids were investigated in a new case, it was found that thin epoxy resin sections would not label adequately for IgG after sodium metaperiodate treatment. In the original case, satisfactory labeling was achieved with methacrylate sections. This material was obtained by dissecting formalin-fixed tissue from a paraffin wax block combined with heating on water, or citrate bu&, gave probe densities of 140-160 particles/ pz. Sodium metaperiodate combined with heating on citrate buffer gave the highest probe density (175 particles/pz). Although sodium ethoxide coupled with heating increased probe density, the ethoxide etched the sections and caused unacceptable damage. Treatment with sodium metaperiodate followed by heating on citrate buffer is recommended for antigen unmasking. This combination gave a high probe density and sections remained intact, with good ultrastructural detail. (]Histoohem Cytochem 43115-123, 1995) KEY WORDS: Human; Comea; Electron microscopy; Immunogold labeling; Antigen unmasking. and re-embedding it in low-acid glycol methacrylate (8) . Material suitable for re-embedding was not available for the new case. Therefore, an altemative technique, such as antigen unmasking, was required.
In immunocytochemical studies it is often necessary to use material that has not been prepared optimally for antigen retention. There are several reasons why the epitopes in such tissues fail to label, or label poorly. In some cases the epitopes may be masked by cross-linking fiitives or otherwise altered during tissue processing. However, the epitope may also be hidden because of the structural conformation of the native protein, even in the unprocessed state. Alternatively, the embedding medium can restrict antibody access in resin sections. Antigen unmasking (antigen retrieval) techniques lower the threshold of antigen detection to allow labeling of epitopes that were previously undetectable. For light microscopy, digestion with proteolytic enzymes (4.10) is used to expose hidden epitopes and reverse the masking effects of fixation. Epitopes that are hidden due to the structural configuration of the native protein can be exposed by partially denaturing the tissue at room temperature with urea (7,25) or guanidine hydrochloride (16 For immunoelectron microscopy, osmium fixation is reversed with sodium metaperiodate and antibody access is improved in epoxy resin sections by etching with hydrogen peroxide or sodium ethoxide (1). Incubation with sodium metaperiodate is generally preferred because, in comparison to etching, this method gives higher probe densities, causes less damage to sections, retains the best ultrastructural details, and has no effect on subsequent metal staining (1).
Here we describe the strategies we tested to improve and optimize immunogold labeling for IgG in corneal crystalloids using epoxy resin sections. Our experience with the previous specimen (8) suggested that labeling was inhibited by the effects of fixation and the presence of the epoxy resin embedding medium. Therefore, we investigated the effects of reversing osmium fixation with sodium metaperiodate and of removing the epoxy resin by etching with sodium ethoxide. We then combined these techniques with a modification of the M W heating technique (using several retrieval media) to reverse the effects of formalin fixation.
Materials and Methods
Tissue Processing. A corneal biopsy specimen was fixed and stored in 4% buffered formalin for several days. For electron microscopy, a portion of tissue (~0 . 5 mm square and comprising the full depth of the cornea) was post-fixed in 1% osmium tetroxide in cacodylate buffer, pH 7.2-7.4, stained en bloc for 30 min with 2% aqueous uranyl acetate, then dehydrated in ethanol and embedded in epoxy resin. The epoxy resin mixture was A ddite resin MY753 49 g, dodecenyl succinic anhydride (DDSA) 49 g, dibutyl phthalate (DBP) 2.7 g, and benzyldimethylamine (BDMA) 1.5 g (Bio-Rad; Watford, UK). Propylene oxide (1.2-epoxypropane) was used for resin transition mixtures and blocks were polymerized at 60'C for 48 hr. Thin sections for immunolabeling and conventional electron microscopy were cut, flattened with chloroform vapor, and collected on formvar-coated nickel grids. Finally, labeled and unlabeled sections were stained with ethanolic uranyl acetate and aqueous lead citrate and observed in a Philips 201C electron microscope.
Antigen Unmasking Procedures. Thin sections were immunolabeled after one of the following procedures: (a) no treatment; (b) heating on water; (c) heating on citrate buffer; (d) heating on citrate buffer followed by etching in sodium ethoxide; (e) etching in sodium ethoxide; (f) etching in sodium ethoxide followed by heating on citrate buffer; (g) etching in sodium ethoxide foUowcd by heating on water; (h) etching in sodium ethoxide followed by incubation on sodium metaperiodate; (i) incubation on sodium metaperiodate; (j) incubation on sodium metaperiodate followed by heating on citrate buffer; (k) incubation on sodium metaperiodate followed by heating on water; or (I) heating on 50% sodium metaperiodate.
Heat Tmtment. During initial experiments, we found that the sections were disrupted by bubble formation when grids were boiled in an MW oven. To Overcome this problem, grids were heated by floating them, sections down, on a 5O-ml beaker of antigen retried medium maintained at 95-1OO' C on a hotplate. The medium was not allowed to boil vigorously, as this also resulted in bubbles forming on the sections, taking them out of contact with the liquid. To avoid excessive evaporation, the media were pre-heated to boiling point in an MW oven before placing them on the hotplate. Sections were heated for 10 min on either 0.01 M sodium citrate buffer adjusted to pH 6.0 with 0.1 M HCI. water, or a saturated aqueous solution of sodium metaperiodate diluted to 50% with water. After heating the grids were allowed to cool by leaving them on the retrieval medium for 15 min.
Sodium Ethoxide Treatment. Grids were held for 2 min in a fresh saturated solution of sodium ethoxide (prepared Overnight) diluted to 10% with anhydrous ethanol. Sodium Metaperiodate Treatment. Grids were incubated in a humid chamber on large drops of a saturated aqueous solution of sodium metaperiodate. Treatment was for 1 hr at room temperature (RT).
Washing. After all treatments, grids were washed by dipping them repeatedly in water for 45-60 sec.
Immunogold Labeling Method. After antigen unmasking treatment, sections were labeled as follows. Grids were first incubated for 10 min on 0.01 M PBS, pH 7.4, containing 1% immunoglobulin-free bovine serum albumin (BSA) (Sigma; St Louis, MO). Sections were then incubated overnight (16-18 hr) at 4'C with rabbit polyclonal anti-human IgG (code A423, lot 079; Dakopatts, Glostrup, Denmark) diluted 1:lOO in PBS containing 1% BSA and 1% Tween-20 (polyoxyethylenesorbitan monolaurate; Sigma). The protein concentration ofthe primary antibody before dilution was 5.2 glliter. The grids were then washed by floating them on drops of PBS (three changes, 5 min each) followed by a 5-min incubation on PBS with 1% BSA.
Bound antibodies were visualized by incubating the sections for 1 hr on protein A-gold conjugate (10 nm) (manufactured by Mr. Adrian Wright, Department of Anatomy and Histology, Flinders Medical Centre) diluted 1:75 in PBS with 1% BSA, 1% Tween-20. and 0.1% coldwater fish gelatin (Sigma). The optical absorbance of the diluted gold probe at 520 nm was 0.126. Finally, grids were washed on drops of water (three changes, 5 min each). All incubations, except for the primary antibody step, were carried out at RT. Water. For dilutions and washing steps, Milli-Q purified (Millipore; Bedford, MA) de-ionized filtered water was used in all cases.
Controts. The specificity of the primary antibody reaction was tested by substituting the rabbit anti-human IgG antibodies with normal rabbit immunoglobulin fraction (code X903, lot 0 2 0 Dakopatts). This fraction was immunoabsorbed to remove heterophil antibodies to human IgG. After absorption the protein concentration of the immunoglobulin fraction was 18.14 glliter and it was used at a dilution of 1:350 to match the primary antibody concentration. Protein A-gold specificity was tested by omitting the primary antibody and incubating the sections with antibody diluent only. The specificity of the primary antibody reaction within tests was judged by comparing the probe density on the crystalloids with that due to nonspecific binding on the adjacent corneal epithelium.
Quantitation of Probe Density. The probe density (numerical density) on primary antibody tests and on normal rabbit immunoglobulin controls was quantified as follows.
Photography. For each test and normal rabbit immunoglobulin control, the probe density on crystalloids was calculated by taking 10 random micrographs of individual crystalloid clusters adjacent to Descemet's membrane. To calculate the probe density on epithelial cells, five random micrographs were taken of corneal epithelial cell cytoplasm adjacent to Bowman's membrane. All micrographs were taken at a magnification of x 18,100.
Probe Counting. Photographic negatives were placed on a light box and masked with an overlay containing four windows, each representing 1 pm2. A solid-state video camera with a micro-Nikkor 5 5 mm photographic lens (Nikon; Tokyo, Japan) was used to input the images into a microcomputer-based Video Pro 32 image analysis system (Leading Edge; Bedford Park, South Australia). The number of gold particles within each l-pm2 window was counted manually by point counting using the digitized image. To calculate the probe density on crystalloids and corneal epithelium. the amount of probe on 40 individual I-pm' windows was counted for each test and normal rabbit immunoglobulin control. On crystalloids. four windows were counted per photographic negative. On corneal epithelium, eight windows were counted per photographic negative.
Statistical Analysis. The mean probe density on crystalloids and corneal epithelium was calculated for the test and normal rabbit immunoglobulin control for each antigen unmasking procedure. Crystalloids were regarded as the experimental sample and adjacent epithelium as a control. Densities were expressed as the number of gold particles/l pm2. To evaluate the data from each procedure, the test mean for crystalloids (IgG labeling) was compared with the test mean for the corneal epithelium (nonspecific background) and with the mean for crystalloids in control sections (nonspecific immunoglobulin binding). Comparisons were made using a two-tailed t-test. Tests were ranked by subtracting the control mean (normal rabbit immunoglobulin) from the test mean (values for crystalloids only).
CrystaLoid Structure
Dense bands of extracellular crystalloids were found throughout the corneal stroma. The crystalloids were long tubules that were annular in cross-section ( Figure 1A) with an approximate diameter of 33-39 nm in all sections.
Section Quality
Sections that were not treated ( Figure 1A) or incubated only with sodium metaperiodate at RT ( Figure 2C ) showed no damage and had normal ultrastructural and staining characteristics. In sections that were heat-treated, stromal areas containing fibrillar collagen were wrinkled but cellular areas and crystalloids were undamaged (Figures 1B, lC, and 2D-2F ). Sections heated with citrate buffer showed a slight increase in staining. Etching with sodium ethoxide caused section damage, bleaching and a loss of ultrastructural detail ( Figures 1D-lF, 2A, and 2B) . Heat treatment after etching exacerbated this damage, which included hole formation and section loss. Etched sections were also more prone to contamination with particulate debris, even when washed extensively (Figures ID, lE, and 3F).
Probe Density
Mean probe densities for all tests and controls are shown in Table  1 . All controls were negative, and representative areas are shown in Figures 3 and 4 . On sections labeled with anti-human IgG the probe density on crystalloids was always greater than the level of nonspecific binding on adjacent epithelial cells ( Figures 3A, 3C,   3E , 4A, and 4C). Using the two-tailed t-test, these probe levels were found to be significantly different ( 6 0 . 0 5 ) . In addition, the probe density on crystalloids labeled with anti-human IgG was always greater than the probe density on crystalloids in control sections incubated with normal rabbit immunoglobulins ( Figures 3B,   3D , 3F, 4B, 4D, and 4E). These levels were also significantly different (60.05). Control sections incubated only with gold probe were negative, and probe levels on all sections were estimated to be less than 1 particle/w2 ( Figure 4E) .
Crystalloids in untreated test sections labeled for IgG with a mean probe density of 5 particles/pn2 ( Figure 1A) . Probe levels were only marginally improved by treatment with sodium ethoxide or sodium metaperiodate when these compounds were used alone ( Figures 1E and 2C) . Heating with any of the media increased labeling for IgG considerably (Figures 1B, IC, and 2F ). Probe densities were higher on sections that were etched with sodium ethoxide, then heat-treated ( Figures 1F and ZA) , but the highest counts were found on sections that were treated with sodium metaperiodate and then heated with citrate buffer (Figure 2E ). There was no apparent benefit when heat treatment was applied before etching ( Figure 1D 
Discussion
In this study we have shown that heating epoxy resin sections improves the probe density in immunoelectron microscopy. In experiments using heat alone the probe densities obtained were similar, no matter which retrieval medium was used. This suggests that the application of heat (rather than the composition of the retrieval medium) is the principal factor in the unmasking process. When sodium metaperiodate treatment and heat were combined, the citrate retried medium appears to have been superior to water. However, additional tests are required to confirm this effect. Our results also indicate that labeling can be increased substantially by heating with a hotplate and that microwave heating is not essential. We can only speculate on the processes involved in the unmasking process. However, the mechanisms are likely to be the same as those described previously: reversal of aldehyde fixation by heating (3); reversal of osmium fmtion by sodium metaperiodate (1); and improved access to epitopes due to resin removal by etching (1) . It is of interest that there was a synergistic effect when the combinations were used: sodium ethoxide and heat (using citrate buffer or water), and sodium metaperiodate and heat (using citrate b&r). The mean probe densities in experiments using these combined treatments were greater than the sum of the mean densities of their component parts. The reason for this phenomenon is unknown, although it may relate to changes in the chemistry of the embedding resin or the permeability of the section surface.
In conclusion, of the treatments tested, sodium ethoxide or sodium metaperiodate combined with heating gave the highest probe densities. Except for techniques using sodium ethoxide, all methods produced acceptable ultrastructural detail. The preferred technique for immunoelectron microscopy is sodium metaperiodate treatment combined with heating on citrate buffer. Sections labeled with this method had the highest probe densities as w e l l as low levels of damage, contamination, and nonspecific antibody binding. A similar strategy can be used for tissue embedded in epoxy resin for immunolabeling by light microscopy. In this instance the material is not usually fixed in osmium tetroxide, and the sections are more robust. Therefore, for light microscopy sodium metapetiodate treatment may not be required, and etching with sodium ethoxide followed by heating on citrate buffer (or water) may be appropriate.
